CD4 T cells are required to fight malaria infection by promoting both phagocytic activity and B cell responses for parasite clearance. In Plasmodium chabaudi infection, one specific CD4 T cell subset generates anti-parasitic IFN-γ and the antibody-promoting cytokine, IL-21. To determine the lineage of these multifunctional T cells, we followed IFN-γ + effector T infection, serum IFN-γ correlates with increased protection, and our observation suggests Ifng + T cells are maintained by cellular division. In summary, we found that Ifng + T cells are not strictly Tfh derived during malaria infection. T cells provide the host with a survival advantage when facing this well-equipped pathogen, therefore, understanding the lineage of pivotal T cell players will aid in the rational design of an effective malaria vaccine.
+ Teff expanded, the level of the Th1 lineage-determining transcription factor T-bet only peaked briefly. Ifng + Teff also co-express ICOS, the B cell area homing molecule CXCR5, and other Tfh lineageassociated molecules including Bcl6, the transcription factor required for germinal center (GC) T follicular helper cells (Tfh) differentiation. Because Bcl6 and T-bet co-localize to the nucleus of Ifng + Teff, we hypothesized that Bcl6 controls the Tfh-like phenotype of Ifng + Teff cells in P. chabaudi infection. We first transferred Bcl6-deficient T cells into wildtype hosts. Bcl6-deficient T cells did not develop into GC Tfh, but they still generated CXCR5 + IFN-γ infection, serum IFN-γ correlates with increased protection, and our observation suggests Ifng + T cells are maintained by cellular division. In summary, we found that Ifng + T cells are not strictly Tfh derived during malaria infection. T cells provide the host with a survival advantage when facing this well-equipped pathogen, therefore, understanding the lineage of pivotal T cell players will aid in the rational design of an effective malaria vaccine.
Introduction
Immunity against intracellular pathogens, such as the blood-stages of the rodent malaria parasite Plasmodium chabaudi, requires both antibodies and Th1-type responses [1, 2] . This rodent parasite shares many traits with human malaria parasites, such as P. falciparum, and generates immunity that parallels that observed in human malaria [3] . The CD4 T cell response starts with strong IFN-γ production, which reduces the initial parasite growth, followed by a marked change in the response to promote antibody and B cell involvement. This is critical because antibody is required for complete parasite clearance [4] . CD4 T cells isolated from P. chabaudi infected mice on day 40 and cultured for two weeks with parasite antigen lose their IFN-γ production capacity, but gain the ability to generate IL-4 and provide help to B cells, suggesting that they are not of pure Th1 lineage [4] . The transition from Th1 to antibody promoting T cells in response to P. chabaudi is likely regulated by B cells, as T cells from infected B cell deficient (muMT) mice produce more IFN-γ and less IL-4, and become inefficient to help antibody formation [5] . Furthermore, during the early phases of this infection there is a switch in the type of antigen presenting cells, which reduces IFN-γ production [6] . This change in T cell function includes acquiring the ability to secrete the regulatory cytokine IL-10, and the antibody-promoting cytokine IL-21 [7, 8] . This response seems appropriate to achieve an adequate balance between parasite control and immunopathology. Despite this controlled regulation, serum IFN-γ and IFN-γ + T cells correlates with resistance to P. falciparum in African children [9, 10] . Therefore, understanding the generation of IFN-γ-producing memory T cells is important for the rational creation of a malaria vaccine. It was recently reported that IL-21 generated by IFN-γ + IL-10 + T cells is critical to generate antibodies that control chronic infection and re-infection [8] . This new data suggests that the earlier reported switch from IFN-γ + Th1 immunity relates to an increase in CXCR5 + IL-21 + T follicular helper cells (Tfh) [11] . Indeed, a recent study in Malian children uncovered that CXCR5 + PD-1 + CXCR3 + Th1-like Tfh cells are the predominant response against acute malaria.
Importantly, these Th1-like Tfh cells were unable to mount an optimal antibody response, albeit produced the highest levels of IL-21 [12] . Th1 cells are the major source of IL-10 during this infection, as in other chronic parasitic infections, and it is induced by IL-27 [7, [13] [14] [15] . Importantly, IL-27 can also induce IL-21 [16] , and promote Tfh development [17] . The transcriptional regulation of IL-21 expression in T cells is not clearly defined and may involve Bcl6, as well as Maf and STAT3 [18] [19] [20] . IL-21 has a pivotal role in B cell differentiation and germinal center formation, but can also have effects on T cell biology, including inhibition of IFN-γ production [21] . However, this finding may be limited in scope as CD4 T cells cultured in vitro under Th1 polarizing conditions can produce significant levels of IL-21 [18] . Conversely, although IL-21 is the signature cytokine of the Tfh subset [22] , these cells can simultaneously express other cytokines, including IFN-γ, depending on the nature of the cytokine milieu [23] . For example, experiments using an influenza infection model in IL-21 reporter mice showed that CXCR5 + PD-1 + IL-21 + Tfh cells can express IFN-γ, IL-10, and T-bet [24] . Therefore, it is not clear whether the unusually large amount of IL-21 observed in this chronic infection is made by Tfh-or Th1-lineage derived cells, and if they are able to survive into the memory phase. Herein, we investigated IFN-γ-producing effector T cells elicited during P. chabaudi infection for molecular evidence of Th1 commitment, and their ability to generate IFN-γ + IL-21 + memory T cells. Using an Ifng/Thy1.1 reporter mouse, we observed that a majority of IFN-γ + T cell responders expressed several Tfh markers. In line with previous findings [8, 12] 
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biotin conjugated AffiniPure Goat anti-rat (H+L) (Jackson Immunoresearch, West Grove, PA) followed by Streptavidin [27] . For intracellular staining, total cells were stimulated for 2 h with PMA (50 ng/mL), ionomycin (500 ng/mL), and Brefeldin A (10 μg/mL) in complete Iscove's Media (cIMDM) (all from Sigma), 10% FBS, 2mM L-glutamine, 0.5 mM sodium pyruvate, 100 U penicillin, 100 μg streptomycin, and 50 μM 2-ME (all from Gibco, Lifetechnologies 
Statistics
Statistical analysis was performed in Prism (GraphPad, La Jolla, CA) using Student's t-test one-tail or two-tail when indicated. p<0.05 was accepted as a statistically significant difference.
Results
Kinetics of Th1 differentiation in response to P. chabaudi infection P. chabaudi malaria infection reaches maximal parasitemia by day 9 and persists at low levels for up to three months [29] . To investigate Th1 differentiation during P. chabaudi infection, we used IFN-γ reporter (Ifng/Thy1.1 knock-in, KI) mice, where the Thy1.1 reporter gene is expressed transiently during active transcription of Ifng [30] . Direct ex vivo analysis of splenocytes by flow cytometry on day 9 post-infection (p.i.) revealed a small Ifng/Thy1.1 + CD4 + T cell population (average of 2.41%, Fig 1A) . The majority of these Thy1.1 + CD4 + T cells had an IL-7Rα negative (96.6% CD127 -), effector phenotype ( Fig 1B) . Similar expansion kinetics were observed for all Teff and Ifng/Thy1.1 + effector T cells along with parasite levels, which all peaked at day 9 p.i. (Fig 1C) . In order to investigate the degree of Th1 differentiation of IFN-γ + cells during the effector phase of the response, we measured expression of Th1 markers on CD4 T cells at timepoints leading up to the peak of P. chabaudi infection. We used T-bet, the master regulator of Th1 differentiation, as a marker of Th1 commitment, since high levels of this transcription factor are expressed in Th1 cells fully committed to making IFN-γ. On day 5 p.i., minimal effector cells were detectable and most of the Ifng/Thy1.1 + cells expressed T-bet (average, 79%) above that of the T-bet isotype control. Further, 55% of the cells were above fluorescence minus one (FMO) multi-color staining control for CXCR3, the IFN-γ-induced homing receptor for inflamed tissues (Fig 2A) . observed a downregulation of T-bet in Ifng/Thy1.1 + CD4 T cells, accompanied by a significant downregulation of CXCR3. However, the downregulation of CXCR3 has been reported to be required for proliferation in CD8 T cells in the red pulp, suggesting this may be independent of IFN-γ production [31] . Runx3, a chromatin-remodeling factor critical for commitment to IFN-γ production by Th1 cells [32] , also peaked on day 7, and was downregulated in Ifng/ Thy1.1 + CD4 T cells by day 9 (Fig 2A and 2B ). This data is summarized in Fig 2C by Boolean gating analysis of the Th1 phenotype of the Ifng/Thy1.1 + CD4 T cell population through the peak of P. chabaudi infection. We found that on day 5 p.i., 16% of the Thy1.1 + CD4 + T cells coexpressed T-bet, CXCR3, and Runx3 with a similar percentage on day 7; on day 9, only 0.5% of the Thy1.1 + CD4 + T cells maintained the expression of these three markers. These results indicate the generation of a strong Th1 response by day 7 p.i., characterized by the expression of Tbet, CXCR3, Runx3, and the production of IFN-γ. However, this is followed by T-bet downregulation, and decreased CXCR3 and Runx3 by day 9 p.i., despite a continued increase in the number of IFN-γ-producing T cells. (Fig 3A) . This unusual profile suggests that these IFN-γ producers also have some features of Tfh cells. To differentiate Tfh and GC Tfh cells, we used CXCR5, the chemokine receptor that determines localization to B cell areas in lymphoid tissue; and PD-1, which is highly expressed on GC-Tfh [33] . Despite a majority of PD-1 int Teff, as observed in the CD4 response to chronic M. tuberculosis [34] , we detected both CXCR5 hi PD-1 hi (GC Tfh) cells and CXCR5 + (Tfh) cells within the Ifng/Thy1.1 + effector T cell population on day 7 p.i. (Fig 3B) . After gating on these populations, we found that IL-21 production by (Fig 3C and   3D ).
Quantifying the fraction of IL-21 in the three populations, shown in Fig 3B, revealed that CXCR5 + IFN-γ + cells generated the most IL-21. These levels were even greater than that produced by CXCR5 hi PD-1 hi GC Tfh cells and CXCR5 -effector cells (Fig 3D) . Moreover, the mean fluorescence intensity (MFI) of IL-21 in Ifng/Thy1.1 + effector T cells was slightly higher (average, 611) than the Ifng/Thy1.1 -population (536, p<0.05). Given the similarity of the Th1 Fig 4A) and expression of Bcl6 and T-bet was quantified ( Fig 4B) . We observed a correlation between high expression of Thy1.1 to high T-bet or low Bcl6. Using the bright detail similarity score, which compares the brightness of two probes in the image, and DAPI to stain the nucleus, we observed both T-bet and Bcl6 in the nucleus of Thy1.1 + effector (CD127 -) T cells (Fig 4C) . However, in some cells both T-bet and Bcl6 could also be detected in the cytoplasm. This has been previously reported for T-bet [36] .
As low levels of T-bet coincides with low Bcl6 expression and correlates with reduced Ifng/ Thy1.1 expression, we tested the role of Bcl6 in induction of the mixed Th1 and Tfh phenotype observed here. We infected Bcl6 fl/fl Cre CD4 conditional KO (cKO), where the Zn finger-encoding exons of the Bcl6 gene are flanked with loxP sites and deleted specifically from all CD4 + T cells, as previously verified [25] . This domain of Bcl6 is involved in both DNA binding, and the proteinprotein interaction with T-bet [35, 37] . Therefore, the potential Bcl6-mediated regulation of Th1 lineage loci and binding to T-bet are both deficient. As Bcl6 cKO mice do not make Germinal Center B cells [25] , which are likely to be essential for clearance of P. chabaudi [5, 8] , we sorted naïve CD4 T cells (CD44 lo CD25 -) from Bcl6 cKO mice (CD45.2), labeled them with the CFSE analog cell trace violet (CTV), and adoptively transferred them into CD45.1 congenic mice, followed by P. chabaudi infection (Fig 5A) . Both groups of recipients exhibited a similar course of parasitemia (data not shown), and were expected to make antibodies normally. On day 7 p.i., responding CTV -CD45.2 + effector T cells were identified and the Bcl6-versus wildtype-derived cells were characterized and compared ( Fig 5B) . As expected, Bcl6 deficient T cells did not generate CXCR5 hi PD-1 hi GC Tfh cells (Fig 5C) . While the frequency of CXCR5 + effector T cells did not change between groups, we did observe a decrease in the MFI of CXCR5 on the Bcl6 cKO T cells (Fig 5D) . However, Bcl6 deficiency had no effect on IFN-γ or IL-21 production (Fig 5E) .
Although we observed a decrease in IFN-γ (Fig 5F) .
Because both groups of recipients are wildtype, cell numbers followed the same trends shown here as percentages. Overall, these data demonstrate that Bcl6 deficiency in T cells reduces GC Tfh formation, as previously described [25] . However, Bcl6 deficiency had no effect on the IFN-γ (Fig 6A and data not shown). As IL-12Rβ2 is required for reinforcement of Th1 differentiation [40] , we determined that the proportion and number of IL-12Rβ2 + IFN-γ + effector T cells was significantly increased in the IL-10 deficient mice (Fig 6B) . Along with this augmented CXCR3 + T-bet + IL-12Rβ2 + Th1 phenotype, we observed an increase in the production of IFN-γ single-producers and IFN-γ-IL-21 double-producers, with a significant overall increase in IL-21 production in the IL-10 KO Teff (Fig 6C) . Interestingly, this phenotype was also accompanied by an increase in cells with the CXCR5 hi PD-1 hi GC Tfh phenotype within the IFN-γ-producing effector T cells, but not within the IFN-γ -subset ( Fig 6D) . As infection and splenomegaly is similar in IL-10 deficient and wildtype animals, cell numbers follow the same trends shown. These results suggest that IL-10 regulates generation of both IL-21 + IFN-γ + and IFN-γ + GC Tfh cells. Collectively, these data suggest that IL-21, known to be essential for generation of a protective B cell response in P. chabaudi, is highly produced by Th1 cells.
T-bet + IFN-γ + T cells decay in the effector to memory transition, but are promoted by chronic infection
We have previously shown that the chronic phase of infection with P. chabaudi generates memory-phenotype specific CD4 T cells, and maintains excellent protection from re-infection. We have proposed that this improved immunity during chronic infection is mediated by hi CD127 + on day 60 p.i., and observed that they all expressed CXCR3, but only 14% expressed T-bet (Fig 7A) above the isotype control baseline (S1 Fig). The transcription factors Runx3 and Eomesodermin (Eomes) were also undetectable by flow cytometry in the memory Th1 cells (data not shown). Interestingly, the Tfh chemokine receptor CXCR5 was expressed on a significant subset of the Ifng/Thy1.1 + memory T cells (average of 12%), though Bcl6 was not detectable (Fig 7A) . However, Ifng + CXCR5 + and T-bet + populations did not overlap significantly. As imaging flow cytometry is more sensitive than conventional flow cytometry, we analyzed Thy1. Real-time PCR confirmed expression of both Bcl6 and T-bet (tbx21) in the memory population (Fig 7D) . Notably, we also detected prdm1 (Blimp-1) mRNA, suggesting that Bcl6 fails to completely repress its target genes at the memory stage. Interestingly, CD8 effector memory . Surprisingly, we observed that the majority of the cells that were transferred from day 7 infected donors, had downregulated Thy1.1 by day 60 p.i (>94%, Fig 8B) . The loss of Ifng/Thy1.1 expression suggests a less accessible Ifng locus, and was accompanied by a significant decrease in CXCR3 and T-bet expression in Ifng/Thy1.1 -cells (Fig 8C) . However, the Ifng/ Thy1.1 + T cells maintained both CXCR3 and T-bet expression, suggesting a stronger Th1 phenotype in this small fraction of the recovered cells. When cells transferred at day 7 were labeled with CTV, we observed that by day 60 p.i. an average of 78% of the transferred cells had divided more than six times. Essentially only these cells included Ifng/Thy1.1 + cells and contained the highest levels of T-bet ( Fig 8D) . Taken together, these findings suggest that Th1 commitment, as defined by T-bet expression, is maintained by division in this infection. Interestingly, after ex vivo restimulation we found that a significant fraction of effector cells that survived into the memory phase still co-produced IFN-γ and IL-21 at day 60 p.i. (Fig 8E) . These data suggest that the mixed Th1/Tfh population entered the memory pool, and that maintenance of IFN-γ production and T-bet expression by Th1 cells is linked to further parasite-driven proliferation.
Discussion
The mechanisms of concomitant immunity, which is defined as protection from reinfection during persistent infection, are poorly understood. In acute parasitic infection, fully committed Th1 cells can be generated [45, 46] . However, in chronic parasitic infection, T cells in the memory phase require IL-12 for continuous IFN-γ production, which suggests that a lack of intrinsic commitment to IFN-γ production is promoted by chronic antigen stimulation [47] [48] [49] .
Here, in a model of malaria infection that lasts for up to 90 days [29] , we studied commitment to IFN-γ production by effector CD4 T cells and their phenotype in the memory phase. The present data demonstrate that during the effector response to P. chabaudi infection, responding IFN-γ-producing T cells do not maintain a robust Th1 (T-bet [42] . This is also reported in humans with reduced parasite-exposure upon emigration from endemic areas [50] . Therefore, maintenance of IFN-γ production by Th1 memory cells in malaria depends on antigen or cytokines generated by chronic infection, as in other parasitic infections [43, [47] [48] [49] . This data highlights the challenge of classifying these protective Th1 cells as effector, long-lived effector, or long-lived effector memory T cells, despite some evidence supporting each of these conclusions [41, [51] [52] [53] . This suggests that the IFN-γ + IL-10 + double-producing Teff population previously shown to protect animals from pathology in P. chabaudi and P. yoelli, are the same population that also enhance the B cell response via IL-21 [7, 8] . IL-21 has been shown to be critical for isotypeswitched antibody production and parasite clearance in this infection [8] . We also show that in addition to CXCR5, IFN-γ + IL-10 + IL-21 + T cells express the Tfh markers Bcl6, ICOS, BTLA, and SLAM. However, we have now shown that generation of the majority of IL-21 producers is Bcl6-independent, suggesting that they are not of the Tfh lineage. The IFN-γ + IL-21 + cells are also increased in an IL-10 deficient environment, which promotes Th1 development. Interestingly, IFN-γ + GC Tfh were increased in this context as well. This data suggests that the majority of the Teff in P. chabaudi infection are Th1-type cells that express many of the markers of Tfh, and may be similar to those defined in chronic LCMV as "exhausted" due to reduced homeostatic proliferation [54] , which is also a feature of effector memory T cells (Tem) [60] . Maintenance of Tem has also been shown to depend on ICOS [61] . Previous studies demonstrated a phenotypic overlap between Th1 and Tfh cells during Toxoplasma gondii infection, where Tbet expression was required for downregulation of IL-21 and CXCR5 to achieve Th1 commitment [62] . We also observed a separate, very small population of IFN-γ + cells that expressed high levels of CXCR5 and PD-1, generated IL-21, and were regulated by Bcl6, thus, confirming their GC Tfh lineage. The B cell response to P. chabaudi begins with a strong extrafollicular antibody producing cell response and IgM, followed by a delayed specific . Some surviving cells showed improved maintenance of Ifng-locus accessibility, and expressed T-bet, but this correlated with extensive division after the effector phase. Importantly, the majority of memory T cells that maintained IFN-γ expression produced higher levels of IL-21 ex vivo, as well. While there is a predominantly Th1 cytokine profile in CD4 T cells in healthy rural African individuals who are exposed frequently to malaria [63] , these T cells also express high levels of IL-10 and IL-21. Interestingly, both cytokines are co-expressed with IFN-γ, though the three together were not tested in the human studies. In children with acute P. falciparum infection, increased plasma IL-21 levels correlated with IgG1 and IgG3 antibodies and the development of clinical immunity [64] . In Plasmodium spp., IL-10 is induced in Th1 cells by IL-27 [7, 65] . Moreover, a previous study has shown that IL-21 can also be induced through this pathway [16] , suggesting a mechanism for the generation of these multi-cytokine producers. In other types of chronic diseases, IFN-γ-producing cells are also the major source of IL-21 [24, 66, 67] , although, in those studies the cells were also CXCR5 + PD-1 hi . In a study of chronic LCMV, CD4 T cells had a weak Th1 transcriptional profile compared to those from acute infection. Moreover, none of the other T helper lineages were favored in these T cells, suggesting increased plasticity in the face of chronic infection [54] . This chronically stimulated population also made IFN-γ and TNF-α, as well as IL-10 and IL-21. Importantly, in chronic LCMV infection, IL-21 is required to prevent CD8 exhaustion sustaining effector activity [55, 56, 58] , however, its effect on chronic CD4 responses is less clear [7, 68, 69] . Bcl6 is considered the lineage-defining transcription factor of the Tfh subset [22] . Bcl6 regulates Th subset differentiation by inhibiting Th1, Th2, Th17, and Treg transcription factors and cytokine genes [70] . However, Tfh cells can acquire cytokine profiles and maintain the masterregulatory transcription factors of other Th subsets, such as IFN-γ, IL-4, or IL-17, suggesting flexibility in this less committed subset [23] . This data suggests a new paradigm where Tfh cells co-express Bcl6 and also another lineage-defining transcription factor so that the function of CD4 T cells avoid terminal differentiation and remain responsive to chronic infection producing cytokines. While CXCR5 hi PD1 hi GC Tfh cells, which can make IL-21, differentiate in a Bcl6-dependent manner [25] , Tfh markers are not solely controlled by Bcl6. For example, IL-21 production by Tfh cells is controlled by STAT3 and c-Maf [71] , and c-Maf can also induce CXCR5 expression [19] . Furthermore, IFN-γ production by CD4 T cells from Bcl6 cKO mice in response to sheep red blood cells was not affected [25] . It is interesting to note that in vitro Th1 differentiation induces IL-21 production without expression of CXCR5 [18] . In agreement with this data, we found that only the IFN-γ + CXCR5 hi PD-1 hi GC Tfh population was regulated by Bcl6. Therefore, the CXCR5 + Tfh-like phenotype found in IFN-γ + cells is likely to be a consequence of Bcl6-inducing cytokines (such as IL-6, IL-21 or IL-27) or B:T cell interactions involving ICOS, which is also highly upregulated on all effector cells in this infection, and is reported to promote Tem survival [61] . The majority of IL-21 was produced by the IFN-γ + CXCR5 + T cell subset in accordance with Peréz-Mazliah [8] . Infection of IL-10 KO animals results in increased Th1 polarization [39] , however, the proportion of the CXCR5 hi PD-1 hi GC Tfh subset within the IFN-γ + population also increased significantly in these animals. This suggests that IL-10 also regulates the CXCR5 hi PD-1 hi IFN-γ + GC Tfh phenotype. Additionally, there is precedence for IL-10 regulating CXCR5 hi BTLA hi Tfh cells [72] .
In summary, memory T cells in this infection show poor maintenance of Ifng/Thy1.1 expression in the BAC-In reporter animals. This was accompanied by low T-bet expression, and continuous expression of IL-21 and Bcl6. This conclusion was presaged by previous work in this infection that indicated poor Th1 commitment, as measured by IL-4 production and help for malaria-specific antibody by T cells late in infection [4] . Interestingly, T-bet is not essential for IFN-γ production in Plasmodium yoelii infection, and actually inhibits parasite killing [73, 74] . Therefore, we propose that the mixed Th1/Tfh phenotype reported here may actually be a beneficial response. Indeed, plasticity in T cells has been shown to benefit the host in tuberculosis infection [75] , and this mechanism is still being investigated. Our data is relevant for the understanding of protective responses required for development of effective protective vaccines to control malaria pathology.
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